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A hybrid technique, based on mode summation and finite differences, is used to sim-

ulate the ground motion induced in the city of Rome by the January 13, 1915, Ricino

(Italy) earthquake (M=6.9). The technique allows us to take into consideration source,

path, and local soil effects. The results of the numerical simulations are used for a com-

parison between the observed distribution of damage in Rome, and certain quantities

related to the computed ground motion. These quantities are those commonly used for

engineering purposes, e.g. the peak ground acceleration, the maximum response of a sim-

ple oscillator, and the so-called "total energy of ground motion" which is related to the

Arias Intensity. Integral quantities of the computed time-series, such as the total energy

of ground motion, are in good agreement with the observed distribution of damage and

turn out to give a good representation of the ground motion.

From the computation of spectral ratios, it has been recognised that the presence of

a near-surface layer of rigid material is not sufficient to classify a location as a "hard-

rock site" when the rigid material has a sedimentary complex below it. This is because

the underlying sedimentary complex causes amplifications due to resonances. Within

sedimentary basins, incident energy in certain frequency bands can also be shifted from

the vertical, into the radial component of motion. This phenomenon is very localized, both

in frequency and space, and closely neighboring sites can be characterized by very large

differences in the seismic response, even if the lateral variations of local soil conditions

are relatively smooth.
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INTRODUCTION

Over the past few decades there has been a rapid growth in the world's
population, and a tendency for this growth to be concentrated in urban areas.
This growth of the cities, in general, is accompanied by the concentration of
population in sedimentary valleys where it is easy to build. Such valleys are the
zones most vulnerable to earthquakes, due to the presence of soft sediments. The
1985 Michoacan, Mexico event, the 1988 Spitak earthquake, and the 1989 Loma
Prieta earthquakes are recent reminders that local ground conditions can have a
Btrong influence on the damage in urban areas. It is therefore of crucial interest
to estimate seismic ground motion in such areas, before an earthquake occurs.
This requires knowledge of both the sub-soil structures and the possible causative
seismic sources, along with the availability of computational techniques that
permit us to map the expected ground motion and the seismic hazard. Special
developments will be necessary to improve current-day seismic programs, which
in general do not include two-, and three-dimensional effects in sedimentary
basins, and which underestimate the hazard on soft soils.

Several methods for estimating the seismic shaking potential are currently
in use, but their reliability and accuracy are not well known and have not been
rigorously tested. Moreover, the costs of their application are not well
determined. For this reason, in the last few years, several working groups have
instituted international programs to pursue these questions. One of these
projects is the IASPEI/IAEE (International Association of Seismology and
Physics of the Earth's Interior/ International Association of Earthquake
Engineering) Joint Working Group. The purpose of this group is to coordinate the
establishment of an international series of test areas (for example the Turkey
Plat test area and the SMART-1 array in Taiwan) to provide a database for
comparing, testing and improving the available methods. Also, in 1990 the
United Nations began a ten-year project: the International Decade for Natural
Disaster Reduction, to reduce the vulnerability of high-risk areas.

Numerical simulations play an important role in the estimation of strong
ground motion. They can provide synthetic signals for areas where recordings
are absent and are therefore very useful for engineering design of earthquake-
resistant structures. In recent years many computational techniques have been
proposed to estimate ground motion at a specific site. The methods commonly
used are one-, and two-dimensional techniques; three-dimensional studies are

too expensive to be applied routinely. The standard one-dimensional methods that
are generally applied in zonation studies, are those developed by Thomson (1950)
and Haskell (1953), and by Seed (Program Shake). These techniques are very
cheap and they provide the first few resonance frequencies (fundamental and
harmonics) of soft., soil layers, and the results show that the strongest effects
usually occur at the fundamental frequency. Relative to the response of a
reference, bedrock model, one-dimensional techniques yield estimates of the
wave amplification caused by unconsolidated surficial sediments overlying the
bedrock. However, such techniques fail to predict the ground motion close to
lateral heterogeneities or when the soil layers have a non-planar geometry. The
lateral heterogeneities and sloping layers, commonly present in nature, can
cause effects that dominate the ground motion: the excitation of local surface-
waves, focusing and defocusing, and resonances. Thus the treatment of realistic
structures requires at least two-dimensional techniques to estimate the ground
motion.

For ease of reference we divide the methods for handling wave propagation
in two-dimensional media into a numerical class of methods, where the
computational algorithm is based on an approximate mathematical method for
solving the formal representation of the problem; and into an analytical class of
methods, where the computational algorithm is based on an exact formal
solution. The numerical class includes the finite difference method (Alterman
and Kara], 1968; Boore, 1972), the pseudo-spectral method (Gazdag, 1981; Kosloff
and Baysal, 1982), and the finite element method (Lysmer and Drake, 1972); while
the analytical class includes the integral equation methods (SAnchez-Sesma and
Esquivel, 1979), the 2D mode summation technique (Levshin, 1985; Vaccari et al.,
1989), the Rayleigh-Ansatz method (Aki and Larner, 1970; Bard and Bouchon,
1980a, 1980b), and the discrete-wavenumber, boundary-element method (Kawase,
1988). The finite difference method, the pseudo-spectral method, and the finite
element method are capable of treating very complex structures; however, they
are restricted in the size of the models, which they can handle by computer
memory limitations. Often, the source cannot be included in the structural
model, because its distance from the site of interest is too large; and the incoming
wavefield is approximated by a plane polarized body-wave. The advantage of the
analytical class of methods, such as 2D mode summation or the Rayleigh-Ansatz
method, is the possibility of treating realistic source models and extended



structural models. These methods can be applied effectively to simple two-
dimensional geometries of sedimentary basins.

To include both a realistic source model and a complex structural model of
the sedimentary basin, a hybrid method has been developed that combines modal
summation and the finite difference technique (Fan et al., 1991; Fsh, 1992). The
propagation of the waves from the source up to the sedimentary basin is
computed with the mode summation method for plane layered structures.
Explicit finite difference schemes are then used to simulate the propagation of
seismic waves in the sedimentary basin. The hybrid method is particularly
suitable to estimate ground motion in sedimentary basins of any complexity and
allows us to take into account the source, path and local site effects, also when
dealing with paths of a few hundreds kilometers. This innovation is the main
advantage of the hybrid method with respect to other existing techniques.

The area of Rome, considered in our study, is characterized by several
sedimentary basins of considerable thickness, which in some parts are covered
by volcanic rocks. The area is very vulnerable to earthquakes, as indicated, for
example, by the well documented damage distribution caused by the January 13,
1915, Fucino (Italy) earthquake (M=6.9). Using the hybrid technique, a series of
different numerical simulations of ground motion are performed, and the
results are used for a comparison between the observed damage distribution and
the peak ground acceleration, the maximum response of an oscillator and the so-
called "total energy of ground motion" which is related to the Arias Intensity. If
one is interested only in the local response of a sedimentary basin, the source and
path effects can be removed computing ratios between representative values of
the ground motion, such as peak ground acceleration (PGA) and the "total
energy of ground motion", determined for the two-dimensional mode! and for a
one-dimensional model, which is used as a reference. In the frequency domain,
a good representation of two-dimensional effects is given by the computation of
spectral ratios between the signals obtained for the two-dimensional model of the
sedimentary basin, and the one-dimensional reference model. Both signals have
in common the source and the path, so that from the spectral ratios the effects of
the sedimentary basin are clearly exhibited. The spectral ratios allow us the
identification of the sites and the frequency bands in which amplification effects
OCCUr,

THE HYBRID TECHNIQUE

The hybrid technique combines modal summation and the finite difference
method, and it can be used to study wave propagation in sedimentary basins.
Each of the two techniques is applied in that part of the structural model where it
works most efficiently: the finite difference method in the laterally heterogeneous
part of the structural model which contains the sedimentary basin (see Fig. 1),
and modal summation is applied to simulate wave propagation from source
position to the sedimentary basin of interest. This hybrid approach allows us to
calculate the local wavefield from a seismic event, both for small (a few
kilometers) and large (a few hundreds of kilometers) epicentral distances. The
technique combines the advantages of both modal summation and finite
difference technique. The use of the mode summation method allows us to
include an extended source, which can be modelled by a sum of point sources
appropriately distributed in space and time. This allows the simulation of a
realistic rupture process on the fault. The path from source position to the
sedimentary basin can be approximated by a structure composed of flat,
homogeneous layers. Modal summation then allows the treatment of many
layers which can take into consideration low-velocity zones and fine details of the
crustal section under consideration. The finite difference method, applied to treat
wave propagation in the sedimentary basin, permits the modelling of wave
propagation in complicated and rapidly varying velocity structures, as is required
when dealing with sedimentary basins. The coupling of the two methods is
carried out by introducing the resulting time series obtained with modal
summation into the finite difference computations. In the SH computations the
displacements are used as input to the finite difference calculations, whereas in
the P-SV case the input consists of the velocity time series, in relation to the
specific finite difference techniques used for SH and P-SV waves.

In the mode summation method, the treatment of P-SV waves is based on
Schwab's (1970) optimization of Knopoffs (1964) method (Panza, 1985), and the
handling of SH waves is based on Haskell's (1953) formulation (Florsch et al.,
1991); these computations include the "mode-follower" procedure and structure
minimization described by Panza and Suhadolc (1987). The introduction of
anelasticity into the computations is based on variational methods (Takeuchi and
Saito, 1972; Schwab and Knopoflf, 1972), and includes Futterman's (1962) results
concerning the dispersion of body-waves in a linearly anelastic medium. By
comparison with the results obtained from the exact treatment of anelasticity



(Schwab, 1988; Schwab and Knopoff, 1971; 1972; 1973), the attenuation effects
obtained from the variational technique turn out to be in error by about 20
percent, a value certainly acceptable for our purposes.

The seismic source is introduced by using the Ben-Menahem and
Harkrider (1964) formalism. These far-field expressions are valid, if the distance
from the source, A, is larger than the dominant wavelength, X, of the computed
signal; if A>X, the first term of the asymptotic expansion of the cylindrical
Hankel functions, appearing in the far-field expressions, is exact with at least
three significant figures (Panza et al., 1973). The seismograms computed with
modal summation contain all the body waves and surface waves, whose phase
velocities are smaller than the S-wave velocity of the half-space that terminates
the structural model at depth. These computations therefore supply a realistic
incoming wave-field, to be used as input in the finite-difference computations.

Distance to the source

t
p

Layered
Structure

| Artificial boundaries, limiting the finite-difference grid.

Adjacent grid lines where the incoming wavefield is
introduced into the FD-model.

^ Receiver

Figure 1. Geometry of the problem.
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Explicit finite difference schemes are used to simulate the propagation of
seismic waves in the sedimentary basin. These schemes are based on the
formulation of Korn and Stock) (1982) for SH waves, and on the velocity-stress,
finite difference method for P-SV waves (Virieux, 1986). The algorithms can
handle structural models containing a solid-liquid interface, and are
numerically stable for materials with normal, as well as high values of Poisson's
ratio. Intrinsic attenuation in soft sediments is an important process and should
always be taken into account to prevent serious errors in seismic hazard
estimations. In the finite difference computations, anelasticity is included using
the Theological model of the generalized Maxwell body (Emmerich and Korn,
1987; Emmerich, 1992; Fah, 1992). This method can account for a constant quality
factor over a certain frequency band.

Once the numerical algorithms and related computer codes are developed,
. one of the major problems to obtain realistic numerical simulations is represented
by the necessity to know as accurately as possible the source and structural
parameters. In fact, the numerical simulation can satisfactorily predict the
ground motion at a specific site, only if the source parameters, the layered
structure describing the path from the source up to the sedimentary basin, and
the mechanical parameters (density, velocities, damping, etc.) and geometrical
parameters (e.g. thickness) of the sedimentary basin are reasonably well-known.
The choice of these parameters is based on all available seismological, geological
and geotechnical information, and it is discussed in the following for the specific
case of the Fucino earthquake and the area of Rome.

THE JANUARY 13, 1915, FUCINO EARTHQUAKE

One benefit of the important historical role of Rome during the last two
thousand years is the large quantity of descriptions of earthquakes that have been
felt in the city (Molin et al., 1986; Basili et al., 1987). The most important
seismogenetic zones (Fig. 2) which can cause structural damage in Rome are the
Colli Albani (observed maximum intensity in Rome MCS VI-VII), the Central
Apennines (observed maximum intensity in Rome MCS VII-VIII) and the
Tyrrhenian Sea (observed maximum intensity in Rome MCS V-VI). There is also
local seismic activity in the area of Rome (observed maximum intensity in Rome
MCS VII). The modification of local geotechnical properties in the last 50 years,



due to digging, water pumping, and man-made fill, may alBo increase current
intensities beyond those observed earlier even if the earthquake magnitudes do
not exceed historical ones.

42°30'

42°

41°301

12-30' 13°
1 I

k.
<v V

- ROME F r/~
/\

*-CT (__ JColliMban

\ m '-"'"•

T y r r h e n i a n S e a \ > - -

i i

ls-ao1

1

\
LAqaili ^J

Epicenter of the
January 13, 1915

^ucijio earthquake

-----igff -

_
O km 30 km

1 I i 1

- 42°3Q'

" 42°

- 41°30'

13= 13-30'

Figure 2. Approximate epicenter location of the January 13, 1915 earthquake in the
Pucino valley (dotted area). The dashed line indicates the cross-section
with which the numerical modelling has been performed.

The January 13, 1915 Fucino earthquake (Pig. 2) is one of the strongest
events that occurred in Italy during this century. This event, with maximum
Intensity XI on the MCS scale (M=6.9), caused damage in the city of Rome
(Ambrosini et al., 1986). The damage distribution is shown in Fig. 3. The
epicenter is localized about 85 km east of Rome (Fig. 2). The source parameters of
this event are given by Gasparini et al. (1985). The strike of the fault (N62W)
coincides well with the geological lineaments of the area and with the observed
direction of the main fault (Serva et al., 1986). The scurce depth is 8 km, the angle
between the strike of the fault and the epicenter-station line is 38°, the fault dip
39°, and the rake with respect to the strike 172°. In the numerical simulation, we

restrict to a simple instantaneous point source. This allows us to study

the behavior of the waves in the frequency band of interest, with no a priori
assumption about the frequency content of the source.

Thickness of the alluvial sediments Lithology and damage distribution
and damage distribution

• heavy damage
e intermediate damage
D Blight damage

a heavy damage
» intermediate damage
o alight damage

Figure 3.

Alluvial sediments
2

Hkm

Clays, Bands and gravels

Volcanic products

Damage distribution in Rome caused by the January 13, 1915 Fucino
earthquake (after Ambrosini et al., 1986), thickness of the alluvial
sediments (given in meters), and lithology (Ventriglia, 1971; Funiciello et
al., 1987; Feroci et al., 1990). Three types of damage are distinguished:
slight damage (cracking of plaster, the downfall of small pieces of
mouldings), intermediate damage (between slight and heavy damage),
and heavy damage (deep and diffuse damage of indoor and outdoor walls,
downfall of large parts of mouldings and of chimneys). The dashed line
indicates the position of the cross-section, for which numerical modelling
has been performed. The distribution of damage within the area limited by
the two dotted lines has been projected on the cross-section to construct the
histograms, shown in Figs, 8, and 9.
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Ward and Valensise (1989), by using geodetic data, estimated the seismic
moment (Mo) of this event to be 1026 dyne cm. This value is valid for frequencies
below 0.1 Hz, which are much lower than the dominant frequency content of the
signals computed to model the effects of the Fucino event in Rome. Consequently,
using the wide-band spectrum-scaling law proposed by Gusev (1983), the seismic
moment for an average dominant frequency of 2 Hz is estimated as about
1024 dyne cm. For this value of Mo, and at a distance of about 85 km from the
seismic source, the maximum horizontal acceleration reaches values of the
order of 40-60 cm s"2. This is in good agreement with the values estimated from
an empirical relation between maximum, horizontal peak ground acceleration,
epicentral distance, and seismic moment, proposed by Sabetta and Pugliese
(1987) for Italian earthquakes.

NUMERICAL MODELLING FOR A TWO-DIMENSIONAL STRUCTURAL
MODEL

The one-dimensional model describing the path from the source to Rome is
shown in Table 1 (Iodice et al., 1992). The P-wave velocities in the crust are based
on seismic refraction measurements made along the profile Latina-Pescara
(Nicolich, 1981). The shear wave velocities are chosen by assuming that vs2=vp2/3.
The Moho depth (28km) is in good agreement with other published results
(Nicolich, 1989; Suhadolc and Panza, 1989). The part of the upper mantle
corresponds to the model proposed by Vaccari et al. (1990) for the Irpinia, Italy,
area, and is in agreement with surface waves dispersion measurements (Panza
et al., 1980). This one-dimensional model is used to compute the input time series
for the finite difference computations.

The two-dimensional structural model for Rome was proposed by Iodice et
al. (1992), and is shown in Fig. 4. It is based on all the available geological and
gee-technical information (Ventriglia, 1971; Funiciello et a!., 1987; Boschi et al.,
1989; Feroci et al., 1990; Carboni et al., 1991). Alluvial sediments can be found in
two areas, the river beds of the Aniene and Tiber. The ancient river bed of the
Tiber (referred as Paleotiber) is composed by Sicilian clays, sands and gravels.
This sedimentary complex is covered by volcanic rocks which have their origin in
the Pleistocene volcanic activity (Ventriglia, 1971). The volcanic rocks have
greater wave velocities than the underlying sediments (Sicilian), which therefore

defines a buried low-velocity zone. The surficial layer, 10 m thick, consists of
compacted fill, and of the foundations of man-made structures. The transition
from the alluvial sediments in the Tiber river bed to the compacted clay in the
west is characterized by a very high impedance contrast. In Fig. 4, the
compacted clay is referred as bedrock.

Thickness
(km)
0.09
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
1.70
6.10
0.10
0.10
0.10
0.10
8.60
0.10
o.io
0.10
0.10
0.10
2.70
1.70
1.70
2.40
4.75
4.75
4.75
4.75
4.75
4.75
4.75
4.75
4.75

_

Density
(g/cm3 )

2.24
2.25
2.25
2.30
2.40
2.40
2-50
2.50
2.50
2.50
2.60
2.60
2.60
2.60
2.60
2.60
2.60
280
2.85
2.85
2.85
2.85
2.85
2.85
2.85
2.85
2.85
2.85
2.85
2.85
2.88
2.90
2.95
3.35
3.35
3.35
3.35
3-35
3.35
3.36
3.37
3.38
3.39

P-wave
velocity (km/s)

2.40
2.50
2.80
4.00
4.10
4.20
4.30

.4.40
4.50
4.60
4.70
4.80
4.90
5.00
5.20
5.40
5.60
5.70
6.00
5.89
5.80
5.71
5.54
5.40
5.4B
5.63
5.71
5.89
6.06
6.20
6.50
6.70
7.00
7.90
7.92
7.94
7.96
7.98
8.00
8.02
8.04
8.06
8.08

S-wave
velocity(km/s)

1.29
1.30
1.50
2.31
2.37
2.43
2.48
2.54
2.60
2.65
2.70
2.77
2.63
2.88
3.00
3.10
3.20
3.30
3.46
3.40
3.35
3.30
3.20
3.12
3.17
3.25
3.30
3.40
3.50
3.58
3.75
3.87
4.04
4.56
4.57
4.58
4.59
4.60
4.62
4.63
4.64
4.65
4.66

Op

30
30
30

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
300
300
300
300
300
300
300
300
300
300
300
300
300
300

Table 1. Structural model ROMA5B, representative of the path from the epicenter of
the January 13, 1915 Fucino earthquake to the city of Rome (Iodiee et al.,
1992). Qa Q
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Figure 4. Two-dimensional model (uppermost cross-section) corresponding to the
dashed line shown in Fig. 3. Only the part near the surface is shown,
where the 2D model deviates from the horizontally-layered structural
model. For practical reasons, the numerical modelling has been carried
out for two parts separately: the cross-section "Paleotiber" (middle cross-
section), and the cross-section "Tiber" (lowest cross-section).

The high-frequency limit for our numerical simulation has been chosen to
be 4 Hz, which is in agreement with the experience derived from strong motions
generated by magnitude 5-to-6 earthquakes recorded in Italy (e.g. CNEN-ENEL,
1977; Vaccari et al., 1990). Using a point-source approximation, to these
earthquakes a source duration between 0.4 and 0.6 s is assigned. This leads to a
strong reduction of the energy for frequencies above 3-5 Hz (Aki and Richards,
1980). With a maximum frequency of 4 Hz and with a minimum shear wave
velocity of 0.4 km/s, in the finite difference computations, it is necessary to use a
minimum grid spacing of 10m. Since the characteristics of the hardware,
available to us, limit the number of grid points in the finite difference
computations to 800x300 points, the structural model is too large to be treated in a
single computer run. For this reason, the model had to be divided into two parts
(cross-section "Paleotiber", and cross-section "Tiber" in Fig. 4), that overlap for a
length of 4.0 km. This procedure is justified since the main features of the
seismograms are determined by the local soil conditions, and control of
continuity from one section to the other has been made on the overlapping
portions.

PROPERTIES OF GROUND MOTION AND COMPARISON WITH THE
OBSERVED DAMAGE DISTRIBUTION

The acceleration time series obtained over cross-sections "Paleotiber" and
"Tiber" are shown in Figs. 5 and 6. The main features of the time series are two
peaks which can be related to the Sg and the Lg phases. In general, due to the
presence of low-velocity material near to the surface, the radial component is
two-to-three times larger than the vertical component, while, due to the SH and
P-SV radiation patterns of the source, the transverse component is half the size
of the radial component. Several characteristics of the ground accelerations can
be related successfully to local features of the structure. The strongest effects are
caused by the presence of alluvial sediments in the river beds of the Tiber and
Aniene. There the signals have the largest amplitudes and durations due to the
low impedance of the alluvial sediments, the excitation of local surface waves,
and resonance effects.



Figure 5. Acceleration time series for SH waves and P-SV waves at an array of
receivers over cross-section "Paleotiber", shown in Fig. 4. All amplitudes
are related to a point source with seismic moment of 1024 dyne cm. In each
column, the signals are normalized. The peak acceleration is indicated in
units of cm s-2. The time-scale is shifted by +20 seconds from the origin
time (0 s in the figure corresponds to 20 s from origin time).

Figure 6. The same as in Fig. 5 for an array of receivers over cross-section "Tiber"
shown in Fig. 4.



Minimum accelerations can be observed in receivers placed above the
volcanic layer, which acts as a shield, and reflects part of the incoming energy:
the thicker the layer, the smaller the observed surface accelerations. The
underlying layer (Sicilian) can function as a low-velocity waveguide, inside
which a relevant part of energy is trapped. At places where this waveguide and
the overlying volcanic layer are thinning, focusing effects occur and the trapped
energy reaches the surface. This can be seen for the receivers R21, R22 and R23,
where the amplitudes of the ground motion are much larger than the ones
observed in the area with a thick volcanic layer.

The synthetic accelerograms can be used to compute some ground motion
related quantities, reasonably correlated with the structural damage. These
quantities are those commonly used for engineering purposes, e.g. the peak
ground acceleration (PGA), the peak acceleration of the response of a simple
undamped oscillator to the ground motion (POR), and the total energy of
acceleration (W), defined in Eqs. 1 and 2. The Husid plot is defined as

(1)
w(t)= J U T ) I di ,

o
where x is the ground displacement. The function w(t) is monotonically
increasing. The so-called "total energy of ground motion" or "total energy of
acceleration" W (Jennings, 1983), which is proportional (e.g. Faccioli, 1983) to the
Arias Intensity (Arias, 1970), is defined as

W= lim w(t)
(2)

In the two sections, the signals at the same distance from the source differ due to
the different propagation paths. The abrupt change from the one-dimensional
model, to the model "Tiber", can lead to local surface waves and diffractions. In
fact, at the beginning of the zone of overlapping, the acceleration time series
obtained for the two cross-sections differ strongly (Figs. 5 and 6). Inside the zone
of overlapping, the signals become more and more similar, as the distance from
the abrupt discontinuity in the cross-section "Tiber" increases. In the central
part of the zone of overlapping, the signals are similar, as is shown for the
receiver R25 in Fig. 7. The small differences are due to dispersion effects in the
ancient, Tiber river bed, and to diffractions at the vertical interface in cross-
section "Tiber".

10.00 cm s 20.00 cm s s

•——-M/wv^"—^ ^v-^vAA^W^V^A~— - w ^ v ^ W ^ 1 ^ ^ ^ * -
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Figure 7. Comparison between the signals obtained at the same distance from the
source for the two cross-sections "Paleotiber" and "Tiber" (Fig. 4). The
transverse (left), radial (middle), and vertical (right) accelerations are
shown. The lower traces are related to the cross-section "Paleotiber", the
upper traces, to the cross-section "Tiber". The epicentral distance is
82.8 km. The source has a seismic moment of 102li dyne cm. The signals
are normalized. The peak acceleration is in units of cm s 2.

The critical point is to combine the information obtained from the two cross-
sections. Therefore, PGA, POR, and W have been computed for the signals
obtained for the two cross-sections "Paleotiber" and "Tiber". In the central part of
the zone of overlapping (81.5-83.0 km from the source), the values obtained for the
two cross-sections differ only by some percent, whereas the maximum difference
in PGA along the overlapping zone can be as high as 30 percent (35 percent for
POR, and 30 percent for the quantity W). If the transition from one cross-section
to the other is performed, when the difference between the seismograms is
minimum, the errors introduced by the use of two distinct cross-sections are
minimized. In fact, the errors are only a small fraction of the variations in PGA,
POR, and W over the entire array. Following this procedure, we can extract from
our signals a set of values of PGA, POR, and W, which can be compared with the
distribution of damage from the Fucino earthquake, shown in Fig. 3. A quick
glance at the spatial distribution of damage allows us to identify, in the alluvial
basin of Tiber, a concentration of intermediate and heavy damage, more severe
near to the edges of the basin. To quantify this observation, the damage
distribution has been projected on the cross-section used in the numerical
modelling. Only those points of the distribution have been used which are
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situated in an area where the geometry of the structure does not differ too much

from the geometry of the two-dimensional cross-section. The limits of this area

are indicated in Fig. 3. The type of damage to each building has been projected on

the closest point of the cross-section with similar lithology and depth-of-the-

sedimentary-cover characteristics. The resulting histogram is shown in Figs. 8

and 9. These damage statistics should be interpreted only in a qualitative

manner, as neither the type of buildings nor the density of urbanization has been

taken into account. However, it seems that the observed damage does not depend

on the type of building (Ambrosini et al., 1986).

(8a)
Figure 8. a) Peak ground acceleration (PGA), b) peak oscillator response (FOR) and

c) total energy (W) of the transverse acceleration, obtained for the one-
dimensional model (dotted and dash-dotted lines) given in Table 1, and the
two-dimensional model of Rome (thick solid line) shown in Fig. 4. They are
compared with the damage distribution caused by the January 13, 1915
Fucino earthquake. The thin solid line indicates the two-dimensional
results corrected for the loss of signal due to the vertical limitation of the
used finite difference grid.

Corrected
(8b)

H km

f slight, intermediate and heavy damage

heavy and intermediate damage (8c)



The comparison between the observed damage in the city of Rome, with the
spatial distribution of PGA, POR and W for the transverse component of motion
is shown in Fig. 8. Also shown are some results obtained with the one-
dimensional layered structure. For these ID models, the waveform does not
change significantly along the array of receivers. Peak ground acceleration
(PGA) increases with increasing distance from the source (Pig. 8a), and this fact
can be defined as the regional trend of PGA. This behaviour of the PGA is due to
the incoming of postcritically reflected shear waves from the Mono for epicentral
distances larger than 80 km (Suhadolc and Chiaruttini, 1985).

The structural model described by the finite difference grid does not include
structural features extending to large depths (see Fig. 1). This causes
incompleteness of the signals at large distances from the vertical grid lines,
where the incoming wavefield is introduced into the finite difference
computations. As a consequence, for the last few receivers, the PGA value
obtained with the hybrid method is systematically smaller than that from the
mode summation method (Fig. 8a). The curves obtained for a 2D structural
model also contain this loss of energy at the end of the model. The difference
between the results obtained with ID modal summation, and the ID finite
difference method, provides us with an easy way to correct the 2D results. The
amount of this first-order correction, which can be applied to the continuous line
in Fig. 8a, can be deduced from the distances between the dotted and the dash-
dotted lines shown in the same figure.

High PGA are observed for locations with surficial sediments (Fig. 8a),
while PGA values are low where the volcanic layer is thick. Relative peaks can be
seen at the beginning of the alluvial valley of the Tiber and within the alluvial
valley of the Aniene. The POR (Fig. 8b) generally shows the same trend as PGA.
There are four peaks in the POR curve: two at the edges of the Tiber basin, one
within the alluvial valley of the Aniene, and a broad peak when the Sicilian low-
velocity zone gets close to the surface. The peaks are even more evident in the
curve representing the total energy W (Fig. 8c). The agreement between PGA and
POR, and the observed damage distribution is very good, but the most
representative, stable and reliable parameter of strong ground motion to be used
in seismic hazard studies, seems to be the total energy W.

4.0

3.0-

• - Radial component
— P-SV waves
— SH waves

727ZZ7ZZZZZX7ZZZZZZZZZZZZZ

pi] j y slight, jnlermedjale and heavy damage

1:1 I heavy and intermediate damage

Figure 9. Ratios of the total energy of acceleration, W2D/W1D. between the results
obtained for the two-dimensional, and one-dimensional models. They are
compared with the damage distribution caused by the January 13, 1915
Fucino earthquake.

The source effect and regional trend can be removed by calculating the
ratios between the values obtained for the two-dimensional model and those
obtained for the one-dimensional model. The ratios of the total energy W
computed for the transverse component of motion (SH waves), the P-SV
wavefield, and the radial component of motion are shown in Fig. 9. Similar
conclusions can be drawn for the radial and the transverse component of
acceleration. The new feature in the case of the radial component is the strong
peak at the edge of the ancient Tiber bed which can be attributed to the different
frequency content of SH and P-SV components of motion, and to different
physical processes, e.g. the S- to P-wave conversion for P-SV waves at strong
impedance contrasts. The representation of the results given in Fig. 9 can be



used directly for general zonation purposes. With respect to the Apennines
seismogenetic area, four zones can be distinguished: (1) the bedrock, which is
chosen as the reference for the zonation; (2) the region above the volcanic layer;
the thicker this layer, the smaller the W values at the surface; (3) the zones
inside the sedimentary basins where large values of W are obtained; (4) the edges
of the sedimentary basins characterized by the biggest values of W.

These four zones can also be identified in the observed damage distribution
of the Fucino earthquake. The very good correlation between the damage statistic
and the ground motion makes it reasonable to extend the zonation to the entire
town. This zonation includes also the area of Rome which was not urbanized in
1915, thus providing a basis for the prediction of the expected damage distribution
from a future event in the Apennines region, which has to be expected from the
study of pattern recognition (Caputo et a!., 1980), to occur at a distance even
smaller than the one considered in this study.

RESULTS IN THE FREQUENCY DOMAIN

A good representation of the two-dimensional effects is given by the spectral
ratios between the signals obtained for the two-dimensional and the one-
dimensional model. This procedure removes the source effect and the regional
trend from the ground motion, and it allows us to identify, for a given
seismogenetic area, the frequency bands and sites at which amplification and
deamplification effects occur. The result for the transverse component is
illustrated in Fig. 10, where these ratios are shown as a function of frequency
and spatial location along the section. The darker an area, the stronger the
amplifications due to the two-dimensional effects. The greatest amplification is
observed at the western edge of the sedimentary basin of the Tiber river (87 km
from the source), for frequencies around 2 Hz. The maximum amplification with
respect to the one-dimensional model is of the order of 5-6, and it is due to the
combination of resonance effects and the excitation of local surface waves.

The general distribution of the shaded areas can be related to the geometry
of the structural model. An amplification over almost the entire frequency band
is observed outside the Paleotiber basin (82-87 km from the source). The strongest
effects are seen in the deep alluvial sediments of the Tiber basin. Some
amplification occurs in the Aniene basin, for frequencies above 2 Hz. For
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Figure 10. Spectral ratios for transverse accelerations over the entire cross-section.
The reference signal is the one obtained for the one-dimensional layered
model ROMA5B.

frequencies above 0.8 Hz, in the Paleotiber basin, the volcanic layer acts as a
shield reflecting part of the incoming energy, and the values of the spectral ratios
are smaller than 1. The underlying sedimentary complex (Sicilian) causes
spectral ratios between 4 and 5, due to resonances. These are most pronounced at
frequencies around 0.4 Hz, where the fundamental resonance of this low-velocity
zone is excited. In this part of the Paleotiber, in the frequency band 1.5-2.0 Hz,
there is also evidence for the excitation of some higher modes of resonance. At
distances of the order of 82-83 km from the source, between the Paleotiber and the
Tiber basins, where the waveguide and overlying volcanic cover are thinning,
focusing effects occur and the trapped energy reaches the surface. This leads to
amplifications over almost the entire frequency band being considered, and
values of the spectral ratios are of the order of 2. Therefore, the presence of a
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Figure 11 The same as Fig. 10, for the radial component of motion.

near-surface layer of rigid material is not sufficient to classify a site as a "hard-
rock site". A correct zonation, in addition to the knowledge of the frequency
content of the incoming signal, requires knowledge of both the thickness of the
surficial layer and of the deeper parts of the structure, down to real bedrock. This
is especially important in volcanic areas, where pyroclastic material often covers
alluvial basins.

When considering the radial component of motion, the situation is more
complicated (Fig. 11). The sedimentary cover causes polarization of P-SV waves
into the radial component. This polarization then gives rise to a series of
scattered dark zones-high amplifications-for frequencies higher than 1 Hz; in
the frequency band 0.8-1.0 Hz, the polarization and amplification effect is present
along almost the entire section. The amplification at 0.8-1.0 Hz leads to a
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^ H 3.0 - 4.0
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Figure 12. The same as Pig. 11, for the total P-SV wavefield.

maximum value of the spectral ratio of 25.0 at 80.0-80.5 km from the source. For
frequencies above 1 Hz, the polarization effects are highly localized, both in
frequency and distance from the source, so that at neighboring sites we can have
large differences in the seismic response. Therefore, the polarization
(amplification) in the radial component of motion can partly explain the very
localized damage that is often observed.

Spectral ratios can also be computed for the total P-SV wavefield,
considering a complex time-series formed by the radial component (real part)
and the vertical component (imaginary part). The result of this combination is
shown in Fig, 12. Since the amplitudes of the radial component are double those
of the vertical component, the pattern in Fig. 12 is similar to the one in Fig. 11. A
shift of energy from the vertical into the radial component of motion disappears



in this representation, as long as there is no amplification of the incident waves.
This occurs in the frequency band 0.8-1.0 Hz, at which a polarization was present
for the spectral ratios of the radial component almost along the entire section
(Pig. 11).

Amplification phenomena, which were not visible in Fig. 11, can be
observed in and around the river bed of the Aniene at frequencies of the order of
0.9 Hz. Therefore, they are mostly associated with the vertical component of
motion. At frequencies above 2 Hz, constructive and destructive interference
among different wave-trains, which are propagating in the basin, makes the
pattern of the spectral ratios rather complex.

SUMMARY AND CONCLUSIONS

In absence of instrumental data, a numerical simulation of the ground
motion in the city of Rome due to the January 13, 1915 Fucino (Italy) earthquake
has been compared with the observed distribution of damage. This distribution
has been compared with certain quantities related to the computed ground
motion; these are quantities commonly used for engineering purposes: the peak
ground acceleration (PGA), the maximum response of a simple oscillator (POR),
and the so-called "total energy of ground motion" (W) which is related to the
Arias Intensity. The damage distribution in Rome shows essentially that the
damage is concentrated at the edges of the alluvial basin of the Tiber river; the
heavy and intermediate damage are located in that basin. The same distribution
of damage can be expected on the basis of our numerical simulations of this
event. The highest values of PGA, POR and W are observed at the edges of this
alluvial basin. Strong amplification effects can be observed in the river beds of the
Tiber and Aniene. The signals are characterized by large amplitudes and long
durations due to (1) the low impedance of the alluvial sediments, (2) resonance
effects, and (3) the excitation of local surface waves. Minimum values of PGA,
POR and W can be observed for receivers placed above the volcanic layer which is
present in the ancient river bed of the Tiber. This layer acts as a shield, reflecting
part of the incoming energy. The thicker the layer, the smaller the observed
surface amplitudes of the signals. The best agreement with the observed
distribution of damage is obtained for the "total energy of ground motion". This
quantity and the related Arias Intensity turn out to be good representations of
ground motion for hazard assessment. The very good correlation between the

damage statistic and the ground motion makes it reasonable to use the total
energy of ground motion for an immediate zonation of the entire town, including
the part constructed after the Fucino event, with respect to Apennine events.

From the computation of spectral ratios, it has been recognized that the
presence of a near-surface volcanic layer of rigid material is not sufficient to
classify a location as a "hard-rock site", since the existence of an underlying
sedimentary complex can cause amplifications due to resonances. A correct
zonation requires knowledge of both the thickness of the surficial layer and of the
deeper parts of the structure, down to real bedrock. This is especially important
in volcanic areas, where lava flows often cover alluvial basins. In certain
frequency bands, the presence of sediments causes the shift of energy from the
vertical, into the radial component of motion. This phenomenon is very localized,
both in frequency and space, and closely neighboring sites can be characterized
by very large differences in the seismic response, even if the lateral variations of
the local soil conditions are relatively smooth.

The hybrid technique, we have developed, makes it possible (1) to study local
effects even at large distances (hundreds of kilometers) from the source, (2) to
include highly realistic modelling of the source, and (3) to take into account the
effects of the propagation path. This technique can assist in the interpretation
and prediction of ground motion at a given site. This new approach can be
applied routinely in zonation studies, and it provides realistic estimates of
ground motion for two-dimensional, anelastic models. The resulting synthetic
seismograms can be used to complete existing databases of recorded ground
motion. Such databases would then serve to establish estimates of the maximum
accelerations and total energies of ground motion to be expected at given sites.
This would be a more adequate technique than making estimates based on
analyses of accelerograms recorded in different areas of the world, or of synthetic
signals generated by random processes. The results of this paper give the
possibility for a fast seismic zonation, with no need to wait for a strong
earthquake to occur, and permit to predict the variation of seismic hazard due to
possible temporal changes in geotechnical parameters, e.g. due to digging or
changes in the ground water level. Since geotechnical data are available for
several areas, especially in urban environments, the proposed technique can
provide a valid seismic zonation with a small cost relative to the funds routinely
invested in geotechnical analysis.
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